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CORRECTING SATELLITE POINTING server 18 determines the current estimated satellite pointing 
DIRECTION direction to be the estimated pointing direction that results in 

the “ best - fit ” match of the measured signal strengths and the 
BACKGROUND locally - stored antenna gain patterns . As described in detail 

5 below , the “ best - fit ” estimated satellite pointing direction 
As satellite antennas become larger , the resultant satellite may be determined by an iterative gradient descent algo 

beams , as seen at the earth's surface , become smaller , and rithm which determines the estimated satellite pointing 
require increased pointing accuracy . Satellites may transmit direction which results in the minimum mean squared error . 
signals to a large number of terminals , e.g. , 10 or more . The server 18 then compares the estimated satellite pointing 
Weak signals , due , for example , to weather conditions , 10 direction with the target satellite pointing direction and 
blocking , shadowing , etc. , received at one or more of the determines an estimated satellite pointing direction error . 
selected terminals may reduce the accuracy of the pointing Upon completing the determination of the estimated sat 
direction estimation . ellite pointing direction , the server 18 may generate a 

pointing control signal , and transmit the pointing control 
DRAWINGS 15 signal to the satellite 14. Based on the pointing control 

signal , the satellite 14 controls the satellite pointing direc 
FIG . 1 is a diagram of an exemplary system for estimating tion , making adjustments for any estimated satellite pointing 

and compensating satellite pointing direction error . direction error . 
FIG . 2 illustrates an exemplary beam pattern from the Alternatively , instead of controlling the physical direction 

exemplary satellite in the system of FIG . 1 . 20 of the satellite 14 , the estimated pointing direction can be 
FIG . 3 is a diagram of an exemplary antenna U - V plane used for software based post - processing that compensates 

associated with the exemplary satellite of FIG . 1 . for the error in the satellite pointing direction . This can be 
FIG . 4 is a graph of beam gain pattern showing signal gain implemented by updating the directions of the beams formed 

in the U - V plane . by the satellite 14 in a manner that compensates ( cancels ) the 
FIG . 5 is a graph of a beam gain pattern showing a target 25 error in the satellite pointing direction . The directions of the 

and an apparent location of a terminal in the U - V plane of beam can be changed digitally by changing coefficients of a 
a satellite due to satellite pointing direction error . beam former 30 ( FIG . 2 ) via a ground based telemetry 

FIG . 6 is an exemplary map illustrating an exemplary command . This digital method of pointing correction may be 
distribution of terminals in a geographic area . more fuel efficient compared to mechanical orientation of 

FIG . 7 provides a conceptual illustration of Newton's 30 the satellite boresight . 
root - finding method . Utilizing the iterative gradient descent algorithm with 

FIG . 8 is a graph indicating simulation results for esti measurements from a relatively large ( compared to other 
mating satellite pointing direction error in an exemplary estimation techniques ) number of terminals , together with 
system . applying a weight to each of the measurements considered 

FIG . 9 is a graph showing the result of an exemplary 35 in the estimation , may result in a higher accuracy for the 
application of the pointing direction estimation algorithm to estimated satellite pointing direction . Additionally , this 
a real world scenario . approach reduces the computational complexity of estimat 

FIG . 10 is a diagram of an exemplary process for esti ing the satellite pointing direction in comparison to other 
mating and compensating satellite pointing direction error . estimation methods , and may allow for the correction of 

40 short - term satellite pointing error variations , on the order of 
DETAILED DESCRIPTION seconds ( since the latency in the measurement feedback and 

the subsequent estimation procedure at the server 18 is less 
Exemplary System than a few seconds ) . 

Referring to FIG . 1 , a system 10 for aggregating signal System Elements 
strength data from a plurality of terminals allows for 45 Still referring to FIG . 1 , a gateway 12 provides , via a 
improved pointing direction estimation . A server 18 collects satellite uplink , a signal to be transmitted by the satellite 14 . 
signal strength data and signal - to - noise ratio ( SNR ) data The gateway 12 is typically a land - based transmission 
from the plurality of terminals 16 based on a transmitted system such as is known and hosts a number of radio 
signal from a satellite 14. The server 18 includes or has frequency ( RF ) , baseband transport and gateway 12 specific 
access to a database of beam patterns . The beam patterns 50 management functions . The gateway 12 may communicate 
include data indicating the expected beam gain at different with multiple terminals 16 ( via the satellite 14 ) substantially 
locations on the ground for different estimated satellite simultaneously , and generate radio frequency transmissions 
pointing directions at different points in the satellite's orbit . at power levels sufficient to transmit signals to the satellite 
The satellite pointing direction may also be referred to as the 14 . 
satellite pointing vector herein . The server 18 compares each 55 The satellite 14 includes a radio frequency relay station , 
of the signal strengths with one or more beam gain patterns , such as is known . The satellite 14 receives radio frequency 
wherein each beam gain pattern is a function of a satellite signals from the gateway 12 and relays them to one or more 
pointing direction . The results may be combined on a terminals 16. The satellite 14 transmits transmission signals 
weighted basis . For example , a transmission signal with a to the terminals 16 in one or more transmission beams . A 
lower signal - to - noise ratio ( SNR ) may be given a higher 60 transmission beam as that term is used herein is a concen 
weight than transmission signals with a higher SNR . As trated stream of radio waves , and is designed to provide a 
another example , a transmission signal received by a termi high gain in a specific geographic area , often referred to as 
nal 16 located nearer to a peak beam gain ( e.g. , nearer to a a beam center . The beam gain gradually decreases at loca 
center of a beam lobe ) may be given a higher rating than a tions away from the beam center . At locations farther away 
transmission signal received by a terminal 16 located farther 65 from the beam center , the transmission beam may have near 
from the peak beam gain . The comparison is performed for zero beam gain . Each transmission beam may be directed to 
different estimates of the satellite pointing direction . The a different location within a coverage area . The coverage 
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area may be , for example , a target geographic area to receive the respective measurement circuit 21. The comparison is 
transmission signals from the satellite 14 . performed for a number of different estimated satellite 

As described in additional detail below , the transmission pointing directions . The server 18 determines the current 
signals , as received by land - based terminals 16 , each have estimated satellite pointing direction to be the estimated 
an expected beam gain pattern , which is dependent on a 5 satellite pointing direction that results in the “ best - fit ” match 
satellite pointing direction and the location of the respective of the measured transmission signal strengths and the 
land - based terminals 16. A satellite pointing direction indi locally - stored antenna gain patterns . As described below , the 
cates a direction of the transmission beam away from the “ best - fit ” match may be determined by an iterative gradient 
satellite toward the land - based terminals 16 and serves as a descent algorithm which determines the estimated satellite 
reference for determining expected transmission beam gain 10 pointing direction which results in the minimum mean 
at locations where the transmission signals are received , e.g. , squared error . 
at the locations of land - based terminals 16 . The server 18 is further programmed to generate a point 

The terminal 16 is typically a communications device for ing control signal . The server 18 calculates a difference 
receiving transmission signals from the satellite 14 and between a target satellite pointing direction , and an esti 
providing the transmission signals to , e.g. , user devices , 15 mated actual satellite pointing direction . Based on the cal 
such as laptop computers , set - top boxes , smart televisions , culated difference , the server 18 determines the pointing 
etc. control signal to adjust the satellite pointing direction , and 

The terminal 16 includes one or more measurement transmits the pointing control signal to the satellite 14 . 
circuits 21 and a computer 22 . Referring to FIG . 2 , the satellite 14 includes one or more 

The measurement circuit 21 includes electronic circuitry 20 beam formers 30. The beam former 30 may generate a 
such as is known and is programmed to measure character transmission signal or set of transmission signals to be 
istics of the transmission signals received by the computer transmitted to the earth , via one or more antennas 32. The 
22. Characteristics of the transmission signal measured by transmitted signals are transmitted in beams 34 , i.e. , con 
the measurement circuit include , e.g. , the signal strength and centrated streams of radio waves . As shown in FIG . 2 , the 
the signal - to - noise ratio ( SNR ) , and provide data represent- 25 satellite may include , for example , three antennas 32. Each 
ing the measurements ( measurement data ) to the computer antenna may transmit beams 34 including the transmission 
22. Additional characteristics of the transmission signal , signals . The beams 34 may be formed by the beam former 
such as the transmission signal time and frequency offsets , 30 such that primary spot beams 36 are formed at ground 
channel induced amplitude and phase offsets , transmitted level . The primary spot beams 36 may indicate a target area 
modulated symbols , etc. , may also be measured by the 30 where a strength of the transmission signal is expected to be 
measurement circuit 21 . above a predetermined threshold . The measured signal lev 

The terminal 16 computer 22 includes a processor and a els on the ground are determined by downlink gain profiles 
memory , the memory storing instructions executable by the of the various beams 34 formed by the one or more antennas 
processor , and may be or include one or more microcon 32. These satellite beam gain profiles are often defined and 
trollers , one or more field programmable gate arrays ( FP- 35 available on a satellite antenna U - V plane , discussed below . 
GAs ) , one or more application specific integrated circuits FIG . 3 illustrates an exemplary U - V antenna plane 40 for 
( ASICs ) , one or more digital signal processors ( DSPs ) , one one or more antennas 32 ( typically , an array of antennas 32 ) , 
or more custom integrated circuits , etc. The terminal 16 on a satellite 14. The satellite 14 orbits around the earth 
computer 22 is programmed to receive transmission signals along an orbit plane 48. The U - V antenna plane 40 extends 
from the satellite 14 and provide the signals to the measure- 40 along an X axis 42 ( also referred to as a U axis 42 ) and a Y 
ment circuit 21. The terminal 16 computer 22 is further axis 44 ( also referred to as a V axis 44 ) . The U axis 42 
programmed to receive measurement data from the mea extends tangentially from the orbit plane 48 along a direc 
surement circuit 21 , and transmit the measurement data to tion of the satellite 14 orbit . The V axis 44 extends tangen 
the server 18. The measurement data may be transmitted to tially from the orbit plane 48 in a direction perpendicular to 
the server 18 via , for example a wired or wireless network 45 the direction of orbit . A W axis 46 extends towards the 
17 , as is known . ground ( earth ) in a direction perpendicular to the satellite 

The network 17 may comprise one or more of various antenna U - V plane 40. The W axis 46 may be referred to 
wired or wireless communication mechanisms , including herein as the antenna boresight 46 . 
any desired combination of wired ( e.g. , cable and fiber ) As shown in FIG . 3 , the antenna U - V plane 40 may rotate 
and / or wireless ( e.g. , cellular , wireless , satellite , microwave , 50 around each of the U , V and Waxes . The angle of the U - V 
and radio frequency ) communication mechanisms and any plane 40 , with respect to the ground , around the U axis is 
desired network topology ( or topologies when multiple referred to as the roll angle . The angle of the U - V plane 40 
communication mechanisms are utilized ) . Exemplary com with respect to ground , around the V axis is referred to as the 
munication networks include wireless communication net pitch angle . The angle of the U - V plane , with respect to the 
works , local area networks ( LAN ) such as a WiFi network 55 W axis 46 ( boresight 46 ) is referred to as the yaw angle . The 
or Ethernet , and / or wide area networks ( WAN ) , such as the satellite pointing direction may be defined in terms of the 
Internet , etc. U - V plane 40 and the roll angle pitch angle and yaw angle . 

The server 18 is a computing device including a processor The roll angle , pitch angle and yaw angle may be collec 
and memory . The server 18 is programmed to receive tively referred to as the roll - pitch - yaw ( RPY ) pointing 
measurement data from one or more measurement circuits 60 angles . 
21 indicating characteristics of the transmission signal as A three dimensional representation of an exemplary beam 
received by the respective terminal 16 computers 22. The gain profile 50 defined over the satellite U - V plane 40 is 
server 18 is programmed to compare the measurement data shown in FIG . 4. An exemplary gain profile of the trans 
from each of the measurement circuits 21 with locally - stored mission signal is represented by respective spot beam lobes 
beam gain patterns . The locally - stored beam gain pattern for 65 52. The exemplary spot lobes 52 indicate that the antenna 
each is chosen based on an estimated satellite pointing gain varies according to a location of , e.g. , a terminal 16 
direction and a location of the terminal 16 associated with relative to the U - V plane 40. Small perturbations in the RPY 
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pointing angles can result in an imprecise orientation of the With M locations at which the measurements { rn } are 
satellite antenna U - V plane 40 relative to the targeted available , the above nonlinear relationship can be written in 
antenna pointing direction . a vector form r = f ( p ) . 
An example of the effect of the satellite pointing error is In a case where the model does not fully represent the 

illustrated in FIG . 5. FIG . 5 includes a beam gain profile 50 5 system architecture , w , may additionally include model 
including five spot beam lobes 52. Each of the spot beam noise . In some cases , the model noise may not be relevant 
lobes 52 includes a center 53 , a -3 decibel ( dB ) contour 54 , for estimating the satellite pointing direction . In other cases , 
a -6 dB contour 55 , a -9 dB contour 56 and a -12 dB additional unknowns may require estimation . In the latter 
contour 57. The 3 dB contour 54 , for example , indicates that case , the estimation framework in Eqn . 1 needs to be 
a location where the signal strength is 3 dB weaker than the enhanced to account for these additional variables . The 
signal strength at the spot beam 52 center 53. FIG . 5 shows additional unknowns may arise due to either or both of the 
that a terminal 16 , at a specific nominal location in the U - V implementation of the beam former 30 and the implemen 
plane 40 , experiences a different gain level in the presence tation of the terminals 16. The radio - frequency characteris 
of the pointing errors due to an apparent shift of its location tics due to the specific implementation methodology may 
in the U - V plane 40 . lead to these additional unknowns besides the three satellite 

The satellite pointing error has the undesirable conse pointing parameter r , p and y , of interest . In this case , the 
quence of changing the beam gain profile 50 over the ground estimation framework in Eqn . 1 may need to be extended to 
compared to a planned beam gain profile 50. In a beam gain account for these additional variables by defining vector p to 
profile 50 such as the beam gain profile 50 shown in FIG . 5 , 20 have , besides the three satellite pointing variables r , p and y 
a large uncorrected pointing error can cause a significant of interest , one or more additional unknowns that affect the 
impact . A link analyses that projects a link closure at the measurement vector r . 

edge of a beam coverage , e.g. , near the edge of a spot beam The problem of estimation of satellite pointing error 
lobe 52 , may turn invalidated . The terminal 16 may “ roll estimation belongs to a general class of the problem of 
off " , due to the pointing error , from , e.g. , an edge of a spot 25 finding the roots of a nonlinear equation ; i.e. , given the 
beam lobe 52 , where the link is designed to close , towards measurement r = f ( p ) , determine the unknown pointing error 

vector p = f - ' ( r ) . a location where the link may not close , or , at least , the link The generalized nonlinear functional relation fO ) , that may have an appreciably deteriorated margin . Closing , as determines the vector r of the measurements at M locations that term is used in the present context , refers to establishing for a given satellite pointing vector p , is not invertible in a communications , between the terminal 16 and the satellite closed form manner . However , the solution is still searchable 
14 . by a numerical method . For example , a brute - force ( and , 

Determining , and compensating , the satellite pointing therefore , computationally inefficient and possibly intrac 
error can thus result in improved strength of the satellite table ) approach is to feed each possible realization of the 
transmission signal as received by the terminals 16 , by 35 pointing vector p to the above function fO ) until the output 
correcting the apparent position of the terminal 16 in the rof the function exhibits the closest match with the observed 
U - V plane 40 to more closely match the planned position of 
the terminal 16 within the U - V plane 40 . A more efficient method is the Gauss - Newton ( GN ) 
As discussed above , beam gain level measurements at scheme for iterative root - finding . The GN algorithm belongs 

multiple terminals 16 on the ground can be utilized to to the class of nonlinear programming techniques , and it 
estimate and compensate for satellite pointing errors . As performs a gradient descent search of the root . This is 
shown in FIG . 6 , a satellite may transmit a plurality of described next . 
different satellite beams 60. The satellite beams 60 may be The GN scheme is an extension of the Newton's method 
overlapping . for root finding , which inverts a nonlinear function r = f ( p ) 

Further as shown in FIG . 6 , the satellite beams 60 may be given its output r by finding the solution = f - ' ( r ) . Derivative 
received by plurality of terminals 16 , at different locations . function 
As discussed above , each of the terminal 16 measurement 
circuits 21 may measure characteristics of the received 
transmission signal , and provide the measurement data to a J ( p ) = = f ' ( p ) server 12. The server 12 may , based on the data , estimate a dp 
satellite pointing error . A method for estimating the satellite 
pointing error is discussed in additional detail below . is assumed to be well defined and known . Algorithmic Description 
Let mel , ... , M denote the index of the measurement Newton's method is initialized with an estimate po of the 

circuit 21 at which satellite signal measurement rm solution . The initial estimate may be , e.g. , ( i ) the boresight is avail 
able . For the sake of simplicity , we model the measurement 55 46 ( which assumes that the pointing error is zero ) , ( ii ) an 
rm as follows : average of recent pointing error estimates , if available , or 

( iii ) a - priori knowledge about the likely satellite pointing 
I'm = Gm ( p ) + Wm error , if available based on an orbital analysis . ( Eqn . 1 ) 

Given the known function value ro = f ( p . ) , and the deriva 
Here , wm is a measurement noise , and Gm ( p ) is the beam 60 tive J ( p . ) at the initial solution estimate po , the following 

gain from the satellite 14 to mth measurement location . The equality is used to improve the estimate of the root . 
beam gain is , thus , a multi - dimensional function . A first 
dimension is the location on the earth ; and the other three 
dimensions form a vector p = [ P1 , P2 , P3 ] of the satellite J ( po ) centric pointing errors ( i.e. , the p1 = Roll , pz = Pitch and 65 = P1 = po +1 ' ( po ) ( r - ro ) ( Eqn . 2 ) 

P3 = Yaw errors ; alternatively , p can be modeled as two 
dimensional vector [ u , v ] of errors in the U - V plane ) . 

r . 

40 

45 

dr 

50 

r - ro 

Pi - po 
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The above process is iterated ( from iteration n to n + 1 ) as surement circuit 21 , the actual measurement may be 
follows : affected by a constant of proportionality . Normalization 

of the received signal level ( e.g. , by the estimated noise en = r - pn = r - f ( pn ) ( Eqn . 3 ) level , or by a similar level measurement performed on 
Pn + 1 = Pn + 1 ' ( Pnen ( Eqn . 4 ) a reference beam ) may be required to that the measure 

ment Rm can be cast in the model shown in equation 1 . This results in an iterative descent to the desired root as c . The number of measurement circuits 21 may be smaller shown in FIG . 7 , wherein the variable y is analogous to than M if one or more measurement circuit 21 are used 
vector r of satellite signal measurements and the variable o to collect multiple elements of vector r on different is analogous to vector p of unknown pointing directions . antenna beams . 

The Gauss - Newton ( GN ) method for estimating the sat 2. The algorithm is initialized with iteration index n = 0 . The ellite pointing direction , described below , operates in a estimate of the satellite pointing error Ôn at n = 0th iteration multidimensional space , and is therefore difficult to visual is initialized by the best available knowledge of the ize . FIG . 7 , is a scalar ( one - dimensional ) representation , satellite pointing vector . The best available knowledge which illustrates the approach behind the GN method . may be , for example , that the satellite pointing direction The Newton's method is extended to the vector case by is equal to the boresight 46 ( target satellite pointing 
Gauss - Newton ( GN ) method . direction ) at a time of the current measurement ( i.e. , that The GN method finds the root of the vector problem there is no satellite pointing error ) . As another example , r = f ( p ) given an initial estimate po . Derivative function , i.e. , the best available knowledge may be historical data the Jacobian matrix indicating a typical pointing error of the satellite 14 at a 

given point in the satellite orbit , or results from recent 
( e.g. , within the last five minutes ) estimates of the satellite dr pointing error , etc. dp 3. Given the formed estimate Ôn of the satellite pointing 
error , the expected measurement vector is calculated as 

defined as follows , is assumed to be known . In = fên ) , and the corresponding estimation error vector 
en = r - r , and the mean squared error ( MSE ) ex = ( e ( n ) ) " e ( n ) 
are computed . 

a fi ( p ) a fi ( p ) a fi ( p ) ( Eqn . 5 ) a . If en is less than ( for example ) TOL ( = 10-6 ] , or if ( for 
??? example ) n > nmax [ = 100 ] , the iterations are terminated 

and the output ( the estimate of the pointing error Ôn , ( p ) = 
and the confidence in the estimate ) is generated . Oth afm ( p ) afm ( p ) afm ( p ) erwise , the iterations are continued . 

4. The Jacobian matrix of the partial derivative matrix at the 
present estimate of the pointing error vector ên is com 

The Jacobian J ( p ) shown here of size Mx3 is applicable puted as follows ( here , the pointing vector to be estimated 
in scenarios when the parameters to be estimated are the is taken as a three - tuple ( e.g. , Roll , Pitch and Yaw ) and , 
three unknown pointing variables pi = r , p2 = p , and p3 - y . As therefore , the Jacobian J is shown as having dimension 
stated above , in scenarios with a greater number , e.g. YsM , Mx3 ; alternatively , only U and V elements may need to be 
of unknowns , vector p becomes a Yx1 vector and Jacobian 40 estimated , in which case the pointing vector p has two 
J ( p ) becomes a MxY matrix . elements and the dimension of the Jacobian J is Mx2 ) . 

The GN method is initialized with an estimate po of the 
solution . Given the known function value ro = f ( p . ) and the 
derivative J ( po ) at the initial solution n = 0 , iterations proceed a fil?n ) Ofi ( Pn ) a fil?n ) ( Eqn . 8 ) 
from n to n + 1 as follows : Opi ( n ) apz ( n ) a P3 ( n ) 

J ( ) = en = r - rn = r - f ( po ) ( Eqn . 6 ) 
afmøn ) a fMôn ) OfMÔn ) 

Pn + 1 = Pn + 1 * ( Polen ( Eqn . 7 ) a pi ( n ) Opz ( n ) 

Here , J + ( po ) is the pseudo - inverse of the Jacobian matrix . 50 
Comparing the GN method to Newton's method , it is seen 5. The pointing solution vector is updated as : 
that the equations bear a strong similarity . The key difference 
is the Least Squares solution used in the GN method to the Pn + 1 = Pn + ( JnFlowWJnÔn ) -4 ) , ( n ) xWxen ( Eqn . 9 ) 

possibly overdetermined system of linear equations . a . Matrix W is the inverse of the cross - covariance matrix 
Following is a summary of the algorithm for estimation of 55 of the measurement vector r , and it is set in proportion 

pointing errors based on the GN approach . to the measurement SNR and a distance from a beam 
1.r = [ r1 , P2 , ... , rul is the measured M tuple of the satellite peak gain . Thus , the greater the measurement SNR and 
beam measurements at different measurement circuits 21 . the smaller the distance of the measurement circuit 21 
a . The assumption is that the measurement vector r can be from the location corresponding to the peak beam gain , 
modeled as shown in Eqn . 1 , i.e. , as being directly 60 the higher the weight used in the corresponding ele 
proportional to the satellite antenna beam gain Gm ( p ) ment of matrix W. 
corresponding to m'h measurement , plus some additive 6. Iteration index is incremented ( n < n + 1 ) , and procedure 
impairment , i.e. , as Gm ( p ) + w , repeats starting from step 3 . 

b . The measurement collection may require transmission The above pointing algorithm is simulated using the 
of a known beacon signal that is received at the 65 artificial five - beam geometry shown in FIG . 5. A quick 
terminal 16 measurement circuit 21 at a level propor convergence to the simulated pointing error is observed in 
tional to Gm ( p ) . In some implementations of the mea FIG . 8. The line 80 represents the estimated yaw error 80 , 

??? ?? . ??? MX3 

35 

45 

: : 

OP3 ( n ) [ MX3 

m * 
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line 82 represents the estimated pitch error and line 84 signal may include standard communications ( e.g. , media 
represents the estimated roll error . The initial estimated yaw content for television programming ) , and / or signal elements 
error is indicated by the data point 86 , the initial estimated to facilitate signal measurements . For example , the signal 
pitch error is indicated by the data point 88 and the initial may include a particular data pattern , called Unique Word , 
estimated roll error is indicated by the data point 90. The 5 or Training Sequence , or a Preamble , Midamble or Post 
result converges on the pointing error within five iterations amble , as are known , which may be used to determine the 
or less . quality of a transmission . The data pattern may either be 

The convergence of the algorithm is critically dependent lumped together at the beginning , middle or end of the data 
on the initial seed used . However , the algorithm sensitivity frame , or interlaced throughout the data frame . This data 
to the initial seed selection improves by a proper choice of 10 pattern is known at the receiver and allows the receiver to 
the weighting matrix W. As discussed above , the initial estimate SNR , which is used in the calculation of the 
estimate may be , e.g. , ( i ) the boresight 46 ( which assumes weighting matrix W. Upon transmitting the transmission 
that the pointing error is zero ) , ( ii ) an average of recent signal to the satellite 14 , the process continues in a block 

1020 . pointing error estimates , if available , or ( iii ) a - priori knowl In the block 1020 , the satellite 14 relays the transmission edge about the likely satellite pointing error , if available 
based on an orbital analysis . Furthermore , the algorithm signal to a plurality of terminals 16. As described above , the 

satellite 14 transmits the transmission signal in a plurality of convergence improves with the increasing dimension of 
vector r , which increases with the number of measurement transmission beams . Each transmission beam is targeted for 
circuits 21 . a particular area within a coverage region . As further 

20 described above , the transmission beams may be overlap FIG . 9 illustrates a simulation for estimating the satellite 
pointing error based on signal strength data from three ping , and may be described according to beam gain profiles . 
terminals 16 , wherein each of the terminals 16 is located The beam gain profiles indicate the transmission signal 
within a different beam pattern from the satellite 14. The strength at a particular location within the beam . Upon 
simulation is based on a set of real world data . The signal transmitting the plurality of transmission beams , the process 

25 1000 continues in a block 1025 . trace 92 indicates signal strength data from a first terminal 
16 , signal trace 94 indicates signal strength data from a In the block 1025 , a plurality measurement devices 21 , 
second terminal 16 , and signal trace 96 indicates signal included in terminals 16 , measure characteristics of the 
strength data from a third terminal 16. The signal trace 98 transmission signals received by the terminals 16. The 

characteristics may include the strength of the transmission indicates the norm of the pointing error vector p = [ u , v ] . The 
norm of the pointing error vector may be calculated as p = 30 signal as received by the terminal 16 , and a signal - to - noise 

ratio of the signal as received by the terminal 16. Upon 
measuring the characteristics of the transmission signal by 

As can be seen from the signal trace 98 , the estimated each of the measurement devices 21 for each of the terminals 
pointing error is a small fraction of a degree . The estimated 16 , the process 1000 continues in a block 1030 . 
result is consistent with expected real - world satellite behav- 35 In the block 1030 , the terminals 16 may transmit mea 
ior , and indicates that the estimation algorithm may be surement data indicating characteristics of the transmission 
successfully applied to an operational satellite . signal as received by each of the respective terminals 16 , to 
Exemplary Process Flow the server 18. The measurement data may be transmitted 

FIG . 10 is a diagram of an exemplary process 1000 for together with other indicia , such as an identification of the 
estimating and compensating satellite pointing direction 40 terminal 16 providing the data , a time the data was mea 
error . The process 1000 starts in a block 1005 . sured , etc. The process 1000 continues in a block 1035 . 

In the block 1005 , a computing device , for example the In the block 1035 , the server 18 estimates , based on the 
server 18 determines whether a trigger event has occurred to measurement data received from the plurality of terminals 
initiate a satellite pointing direction estimation . The trigger 16 , a satellite pointing direction . The estimation is per 
event may be the occurrence of a periodic time , such as once 45 formed the estimation is performed based on an iterative 
every five minutes , or once every hour . As another example , gradient descent algorithm , as described above . The server 
the occurrence may be the satellite 14 being in a particular 18 further determines , based on the estimated satellite point 
location within the orbit plane 48 of the satellite 14. Other ing direction , an estimated satellite pointing direction error . 
examples include a report from one or more terminals 16 The process 1000 continues in a block 1040 . 
that the terminals 16 lost communications with the satellite 50 In the 1040 , the server 18 generates , based on the esti 
14 , input from a user ( e.g. , an operator of the server 18 or the mated satellite pointing direction , and / or the estimated sat 
gateway 12 ) requesting the satellite pointing direction esti ellite pointing direction error , a satellite pointing control 
mation , etc. The examples of trigger events listed above are signal , and transmits the satellite pointing control signal to 
non - limiting . Upon determining that a trigger event has the satellite 14. In the case that there is an estimated satellite 
occurred , the process 1000 continues in a block 1010 . 55 pointing control error , the pointing control signal may 

In the block 1010 , the server 18 initiates the satellite provide instructions for compensating the estimated error . 
pointing direction estimation . The server 18 may send an The process 1000 continues in a block 1045 . 
instruction to the gateway 12 , to transmit a signal to the In the block 1045 , the satellite 14 controls the satellite 
satellite 14. The instructions may include parameters related pointing direction , adjusting the pointing direction to com 
to the satellite pointing direction estimation , such as , which 60 pensate for the estimated satellite pointing direction error . 
satellite 14 is to be the subject of the satellite pointing Upon controlling / adjusting the satellite pointing direction , 
direction estimation , which terminals 16 should receive the process 1000 ends . 
transmission signals from the satellite 14 , etc. 
Upon receiving instructions from the server 18 by the CONCLUSION 

gateway 12 , the process 1000 continues in a block 1015 . 
In the block 1015 , the gateway 12 generates and transmits As used herein , the adverb “ substantially ” means that a 

a transmission signal to the satellite 14. The transmission shape , structure , measurement , quantity , time , etc. may 

65 
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deviate from an exact described geometry , distance , mea lents to which such claims are entitled . It is anticipated and 
surement , quantity , time , etc. , because of imperfections in intended that future developments will occur in the arts 
materials , machining , manufacturing , etc. discussed herein , and that the disclosed systems and meth 

The term “ exemplary ” is used herein in the sense of ods will be incorporated into such future embodiments . In 
signifying an example , e.g. , a reference to an “ exemplary 5 sum , it should be understood that the invention is capable of 
widget ” should be read as simply referring to an example of modification and variation and is limited only by the fol 
a widget . lowing claims . 
Networked devices such as those discussed herein gen All terms used in the claims are intended to be given their 

erally each include instructions executable by one or more plain and ordinary meanings as understood by those skilled 
networked devices such as those identified above , and for 10 in the art unless an explicit indication to the contrary in made 
carrying out blocks or steps of processes described above . herein . In particular , use of the singular articles such as “ a , " 
For example , process blocks discussed above may be “ the , " said , ” etc. should be read to recite one or more of the 
embodied as computer - executable instructions . indicated elements unless a claim recites an explicit limita 

Computer - executable instructions may be compiled or tion to the contrary . 
interpreted from computer programs created using a variety 15 The invention claimed is : 
of programming languages and / or technologies , including , 1. A system comprising a computer programmed to : 
without limitation , and either alone or in combination , receive , from each of a plurality of signal measurement 
JavaTM , C , C ++ , Python , Visual Basic , Java Script , Perl , circuits , data indicating a strength and a signal - to - noise 
HTML , etc. In general , a processor ( e.g. , a microprocessor ) ratio of a transmission signal received from a satellite 
receives instructions , e.g. , from a memory , a computer- 20 by the respective measurement circuit ; 
readable medium , etc. , and executes these instructions , set , for each measurement circuit , a weighting function 
thereby performing one or more processes , including one or based on the respective signal - to - noise ratio and a 
more of the processes described herein . Such instructions distance of the measurement circuit from a respective 
and other data may be stored and transmitted using a variety peak beam gain based on an estimated satellite pointing 
of computer - readable media . A file in a networked device is 25 direction ; 
generally a collection of data stored on a computer readable compare , for each of a plurality of estimated satellite 
medium , such as a storage medium , a random access pointing directions , the strength of the transmission 
memory , etc. signal received respectively by each measurement cir 

A computer - readable medium includes any medium that cuit with an expected strength of the transmission 
participates in providing data ( e.g. , instructions ) , which may 30 signal for the respective measurement circuit , the plu 
be read by a computer . Such a medium may take many rality of estimated satellite pointing directions selected 
forms , including , but not limited to , non - volatile media , based on an iterative gradient descent algorithm ; 
volatile media , etc. Non - volatile media include , for example , determine a respective estimation error vector for each 
optical or magnetic disks and other persistent memory . estimated satellite pointing direction based on ( a ) a 
Volatile media include dynamic random access memory 35 difference between the strengths of the transmission 
( DRAM ) , which typically constitutes a main memory . Com signal received and the expected strength respectively 
mon forms of computer - readable media include , for for each measurement circuit , and ( b ) the respective 
example , a floppy disk , a flexible disk , hard disk , magnetic weighting function ; 
tape , any other magnetic medium , a CD - ROM , DVD , any determine , based on one of the respective estimation error 
other optical medium , punch cards , paper tape , any other 40 vectors being less than a predetermined threshold , a 
physical medium with rules of holes , a RAM , a PROM , an current estimated satellite pointing direction ; 
EPROM , a FLASH - EEPROM , any other memory chip or determine , based on the current estimated satellite point 
cartridge , or any other medium from which a computer can ing direction , a control signal to adjust a satellite 
read . pointing direction ; and 

In the drawings , the same reference numbers indicate the 45 provide the control signal to the satellite . 
same elements . Further , some or all of these elements could 2. The method of claim 1 , wherein the plurality of 
be changed . With regard to the media , processes , systems , estimated satellite pointing directions includes an initial 
methods , etc. described herein , it should be understood that , estimated satellite pointing direction and one or more sub 
although the steps of such processes , etc. have been sequent estimated satellite pointing directions , and each of 
described as occurring according to a certain ordered 50 the one or more subsequent estimated satellite pointing 
sequence , such processes could be practiced with the directions is selected based on the iterative gradient descent 
described steps performed in an order other than the order algorithm . 
described herein . It further should be understood that certain 3. The system of claim 2 , wherein the iterative gradient 
steps could be performed simultaneously , that other steps descent algorithm performs a nonlinear iterative least 
could be added , or that certain steps described herein could 55 squares descent to an estimated satellite pointing direction 
be omitted . In other words , the descriptions of processes that minimizes a mean squared hypothesis error . 
herein are provided for the purpose of illustrating certain 4. The system of claim 2 , wherein the initial estimated 
embodiments , and should in no way be construed so as to satellite pointing direction is based on a target satellite 
limit the claimed invention . pointing direction for a current time . 

Accordingly , it is to be understood that the above descrip- 60 5. The system of claim 2 , wherein the initial estimated 
tion is intended to be illustrative and not restrictive . Many satellite pointing direction is based on a previously deter 
embodiments and applications other than the examples mined satellite pointing direction . 
provided would be apparent to those of skill in the art upon 6. The system of claim 1 , wherein the weighting function 
reading the above description . The scope of the invention is set such that a contribution of a measured signal strength 
should be determined , not with reference to the above 65 to determining the respective estimation error vector 
description , but should instead be determined with reference increases the corresponding signal - to - noise ratio 
to the appended claims , along with the full scope of equiva increases . 

as 
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7. The system of claim 1 , wherein the computer is further determining , based on one of the respective estimation 
programmed to determine the respective estimation error error vectors being less than a predetermined thresh 
vector from each estimated satellite pointing direction based old , a current estimated satellite pointing direction 
on measurements from at least 10 measurement circuits . determining , based on the current estimated satellite 

8. The system of claim 1 , further comprising the satellite , pointing direction , a control signal to adjust a satel 
wherein the satellite is programmed to : lite pointing direction ; and 

providing the control signal to the satellite . adjust , based on the control signal , the pointing direction 11. The method of claim 10 , wherein the plurality of of the satellite . estimated satellite pointing directions includes an initial 
9. The system of claim 1 , further comprising the satellite , estimated satellite pointing direction and one or more sub 

wherein the satellite is programmed to : sequent estimated satellite pointing directions , and each of 
adjust , based on the control signal , a beam direction the one or more subsequent estimated pointing directions is 

relative to the satellite . selected based on the iterative gradient descent algorithm . 
10. A method comprising : 12. The method of claim 11 , wherein the iterative gradient 
receiving , by a computer , from each of a plurality of descent algorithm performs a nonlinear iterative least 

signal measurement circuits , data indicating a strength squares descent to an estimated satellite pointing direction 
that minimizes a mean squared hypothesis error . and a signal - to - noise ratio of a transmission signal 13. The method of claim 11 , wherein the initial estimated received from a satellite by the respective measurement satellite pointing direction is based on a target satellite circuit ; pointing direction for a current time . 

setting , for each measurement circuit , a weighting 20 14. The method of claim 11 , wherein the initial estimated 
function based on the respective signal - to - noise ratio satellite pointing direction is based on a previously deter 
and a distance of the measurement circuit from a mined satellite pointing direction . 
respective peak beam gain based on a estimated 15. The method of claim 10 , wherein the weighting 
satellite point direction ; function is set such that a contribution of a measured signal 

comparing , for each of a plurality of estimated satellite 25 strength to determining the respective estimation error vec 
pointing directions , the strength of the transmission tor increases as the corresponding signal - to - noise ratio 

increases . signal received respectively by each measurement 
circuit with an expected strength of the transmission 16. The system of claim 10 , further comprising determin 
signal for the respective measurement circuit , the ing the respective estimation error vector for each estimated 
plurality of estimated satellite pointing directions 30 satellite pointing direction based on measurements from at 
selected based on an iterative gradient descent algo least 10 measurement circuits . 
rithm ; 17. The system of claim 10 , further comprising : 

determining a respective estimation error vector for adjusting , based on the control signal , the pointing direc 
tion of the satellite . each estimated satellite pointing direction based on 

( a ) a difference between the strength of the trans- 35 18. The system of claim 10 , further comprising : 
mission signal received and the expected strength adjusting , based on the control signal , a beam direction 

relative to the satellite . respectively for each measurement circuit , and ( b ) 
the respective weighting function ; 


